Background: 5,6-Dimethylxanthenone-4-acetic acid (DMXAA) activates intracellular signaling through uncharacterized pathways similar to those engaged by bacterial pathogens. Results: Mitochondrial targeting agents and absence of STING impair the response to DMXAA in mouse macrophages. Conclusion: Mitochondrial membrane potential is required for optimal response to DMXAA. Significance: This study illustrates that mitochondrial physiology is pivotal in the host response to DMXAA and possibly bacterial pathogens.
The chemotherapeutic agent 5,6-dimethylxanthenone-4-acetic acid (DMXAA) is a potent inducer of type I IFNs and other cytokines. This ability is essential for its chemotherapeutic benefit in a mouse cancer model and suggests that it might also be useful as an antiviral agent. However, the mechanism underlying DMXAA-induced type I IFNs, including the host proteins involved, remains unclear. Recently, it was reported that the antioxidant N-acetylcysteine (NAC) decreased DMXAA-induced TNF-␣ and IL-6, suggesting that oxidative stress may play a role. The goal of this study was to identify host proteins involved in DMXAA-dependent signaling and determine how antioxidants modulate this response. We found that expression of IFN-␤ in response to DMXAA in mouse macrophages requires the mitochondrial and endoplasmic reticulum resident protein STING. Addition of the antioxidant diphenylene iodonium (DPI) diminished DMXAA-induced IFN-␤, but this decrease was independent of both the NADPH oxidase, Nox2, and de novo generation of reactive oxygen species. Additionally, IFN-␤ up-regulation by DMXAA was inhibited by agents that target the mitochondrial electron transport chain and, conversely, loss of mitochondrial membrane potential correlated with diminished innate immune signaling in response to DMXAA. Up-regulation of Ifnb1 gene expression mediated by cyclic dinucleotides was also impaired by DPI, whereas up-regulation of Ifnb1 mRNA due to cytosolic double-stranded DNA was not. Although both stimuli signal through STING, cyclic dinucleotides interact directly with STING, suggesting that recognition of DMXAA by STING may also be mediated by direct interaction.
5,6-Dimethylxanthenone-4-acetic acid (DMXAA)
2 is a chemotherapeutic compound classified as a vascular disrupting agent for its ability to induce apoptosis in endothelial cells (1) (2) (3) , disrupting the blood vessels that are essential for supplying the requisite nutrients to the growing tumor. In addition to this rapid apoptotic event, it has been shown that DMXAA is also a potent inducer of cytokines, like TNF-␣ and IFN-␤ (4 -6) , that are also typically induced during infection with bacteria and viruses. Expression of this latter cytokine by DMXAA causes IFN-␤-dependent growth inhibition of Lewis lung carcinoma cells injected subcutaneously into mice (7) . Despite showing promise in initial phase II trials for treatment of nonsmall cell lung cancer in combination with the current chemotherapeutic regimen of carboplatin and paclitaxel (8, 9) , DMXAA did not show efficacy in the most recent phase III clinical trial (10) . However, induction of IFN-␤ also allows DMXAA to act as an antiviral agent during in vitro infection of multiple cell types with a variety of influenza strains (including a Tamiflu-resistant strain) and during in vivo infection of mice with mouse-adapted influenza A virus (11, 12) . Combined with its use as a tool to study signaling pathways activated by intracellular pathogens, understanding the mechanism of DMXAA-mediated up-regulation of IFN-␤ would benefit multiple fields of study.
DMXAA treatment of primary macrophages leads to up-regulated expression of IFN-␤ (4), suggesting that the antitumor and antiviral effects of DMXAA may be mediated, in part, by macrophage-derived IFN-␤. IFN-␤ is expressed at very low levels basally in macrophages, but can be induced by ligation of host pattern recognition receptors (PRRs) by "pathogen-associated molecular patterns" present during viral or bacterial infection. PRRs can be further subdivided into transmembrane and cytosolic members. Examples of transmembrane PRRs include Toll-like receptor 4 (TLR4)-mediated recognition of bacterial lipopolysaccharide (13) , recognition of lipoproteins by TLR2 (14) , and of flagellin by TLR5 (15) . TLR3-mediated recognition of double-stranded viral RNA occurs endosomally (16) , and similarly, double-stranded viral RNA can also be recognized by cytosolic pattern receptors such as the RNA helicases, retinoic acid inducible gene-I, and melanoma differentiation-associated protein 5 (17, 18) . The signal transduction pathways for these two PRRs utilize the mitochondrial adapter protein mitochondrial antiviral signaling protein (MAVS) (19 -22) . In addition to cytosolic dsRNA, up-regulation of IFN-␤ can also occur in response to cytosolic delivery of either dsDNA or the bacterial cyclic dinucleotides, cyclic di-AMP and cyclic di-GMP, in a manner requiring the mitochondrial and endoplasmic reticulum resident protein STING (23) (24) (25) (26) . STING is also necessary for IFN-␤ during infection with the intracellular pathogens herpes simplex virus 1 (27) , Listeria monocytogenes (26) , Legionella pneumophila (28) , Brucella abortus (29) , Francisella tularensis (30) , and Chlamydia muridarum (31), suggesting its involvement in numerous cytosolic sensing pathways. However, it has been shown that IFN-␤ expression in macrophages treated with DMXAA occurs independently of TLRs and RNA helicases (4), but rather, is dependent upon the downstream signaling components IFN regulatory factor 3 (IRF3) and TANK-binding kinase-1 (TBK-1) that are common to multiple PRR pathways. To date, a host PRR has not yet been identified that can recognize DMXAA and trigger induction of IFN-␤.
Although signal transduction pathways are initiated by PRRs, there are other cellular elements that can modulate the ensuing signal, such as reactive oxygen species (ROS). This was highlighted in a seminal paper by Ehrt and colleagues (32) who demonstrated a pervasive role for ROS in macrophage transcriptional activation in response to such diverse stimuli as IFN-␥ and Mycobacterium tuberculosis. Mechanistically, this is frequently manifested by covalent modification of cysteine residues of proteins including reversible oxidation, formation of disulfide linkages, or S-glutathionylation. Paradoxically, ROS has been shown to activate signaling pathways like MAPK and EGF by inactivation of cellular phosphatases (33) (34) (35) , whereas inactivating downstream transcription factors such as NF-B and AP-1 (36, 37) . This illustrates the intricate and complex role ROS plays in cell signaling. The role for ROS in antiviral signaling pathways has been an emerging field of study, showing regulation at multiple levels by various cellular sources. Professional phagocytes can deliberately produce ROS using a multiprotein complex featuring NADPH oxidase 2 (Nox2).
Nox2-dependent ROS is crucial for antiviral signaling by maintaining basal levels of viral RNA helicase signaling adapter MAVS (38) . MAVS and translocases of outer membrane 70 are two proteins located in the mitochondria that are important for activation of antiviral innate immune pathways (19 -22, 39) . In addition to the inducible generation of ROS by Nox2, the mitochondria can also be a source of basal ROS in the cell during the process of cellular respiration. It has been shown that optimal MAVS signaling requires intact mitochondrial membrane potential (40) , whereas fragmenting the mitochondria also dampens MAVS signaling (41) , showing the prominent role mitochondrial physiology can play in innate antiviral signaling. Another potential site for ROS generation is the peroxisome and this organelle has also been shown to participate in MAVS signaling (42) . With respect to DMXAA signaling, much less has been characterized. N-Acetylcysteine (NAC), the precursor of the cellular antioxidant glutathione, can be added to analyze the affects of oxidative stress. Previously, it has been shown that NAC treatment of the macrophage cell line RAW 264.7 decreases the expression of numerous cytokine genes such as Il6 and Tnf in response to DMXAA (43) . This data suggests that antioxidants might also influence the expression of IFN-␤ in response to DMXAA. The goal of the present study is to elucidate the mechanism of DMXAA-dependent signaling pathways by further characterizing the host proteins involved in this process and by examining how antioxidants modulate IFN-␤ up-regulation in response to DMXAA.
EXPERIMENTAL PROCEDURES
Reagents-The following reagents were purchased from Sigma, unless otherwise noted: DMXAA (catalog number D5817), rotenone (number R8875), antimycin A (number A8674), 2-thenoyltrifluoroacetone (TTFA) (number T9888), oligomycin (number 9996S, Cell Signaling, Danvers, MA), methylthiazolyldiphenyl tetrazolium bromide (MTT) (number 2128), carbonyl cyanide 3-chlorophenylhydrazone (CCCP) (number C2759) and nitro blue tetrazolium (NBT) (number N6876). Diphenyleneiodonium chloride (DPI) (number BML-CN240) and the mitochondrial membrane potential sensitive dye JC-10 (number ENZ-52305) were purchased from Enzo Life Sciences (Farmingdale, NY). The intracellular ROS detecting fluorescent dye 2Ј,7Ј-dichlorodihydrofluorescein diacetate (H 2 -DCFDA) (number D399) and the mitochondrial membrane staining dye MitoTracker Green used to measure the total amount cellular mitochondria (number M7514) were purchased from Invitrogen. Phorbol 12-myristate 13-acetate (number 4174S), which was used to induce macrophage ROS, was purchased from Cell Signaling Technology. The ligands used to examine activation of STING-dependent pathways were the synthetic dsDNA species poly(dA:dT) complexed to the transfection reagent LyoVec (number tlrl-patc, Invivogen, San Diego, CA) to facilitate cytosolic delivery and cyclic di-GMP (number ED0001, Kerafast, Winston-Salem, NC). The latter compound was transfected into the cell using SuperFect transfection reagent (number 301305, Qiagen, Valencia, CA).
Primary Macrophage Isolation and in Vitro Tissue CultureAll experiments using animals were carried out with institutional approval from the IACUC at University of Maryland, Baltimore, MD. Macrophages were harvested as previously described (44) with minor modifications. Briefly, C57BL/6J mice (stock number 000664, Jackson Laboratories, Bar Harbor, ME) or Nox2 knock-out mice (45) (stock number 002365, C57BL/6 background, Jackson Laboratories) were injected intraperitoneally with 3 ml of 3% thioglycollate (Remel Products, Lenexa, KS). After 4 days, the peritoneal exudates of the mice were obtained by lavage with macrophage medium (RPMI media supplemented with 10% FBS, 10 mM HEPES buffer, 1% nonessential amino acids, 2 mM L-glutamine, 1 mM sodium pyruvate, and 1% penicillin/streptomycin). Macrophages isolated from multiple mice were pooled and then subsequently plated at 1 ϫ 10 6 macrophages per well in 1 ml of macrophage media in a 24-well tissue culture dish. Nonadherent cells were removed by aspiration when the media was changed after a 2-h incubation at 37°C and 5% CO 2 . All experiments were performed on the day after isolation or the day after thawing of macrophages frozen immediately after isolation. Bone marrowderived macrophages from STING KO (27) and littermate controls were isolated and cultured as previously described (46) . Macrophages were treated with 100 g/ml of DMXAA, which was previously demonstrated to be the optimal dose for examining up-regulation of IFN-␤ (4). Two hundred hemagglutinin units of Sendai virus (Cantrell Strain, Charles River Laboratories, Wilmington, MA) and transfection of either dsDNA or cyclic di-GMP were also used to stimulate IFN-␤ expression. Where indicated, cells were pretreated for 1 h (oligomycin, CCCP, DPI, TTFA, and antimycin A) or 6 h (rotenone) prior to treatment with DMXAA. The media was not changed at any point after the initial prestimulation.
Expression Analysis by Quantitative Real-time PCR (qRT-PCR) and ELISA-For expression analysis, 0.5 ml of the TriPure isolation reagent (catalog number 11667157001, Roche Applied Science) was added directly to cell monolayers in 24-well plates immediately after the supernatants were removed. The harvested lysates were frozen at Ϫ80°C and stored until analysis was performed. RNA was isolated according to the manufacturer's protocol. To remove any residual DNA before the reverse transcription reaction, the sample RNA was treated with RNase-free DNase (M6101, Promega, Madison, WI) at 37°C for 30 min followed by 10 min at 70°C to inactivate the enzyme. The reverse transcription reaction using the DNase-treated RNA samples was performed with the Superscript III first strand synthesis system for real time PCR (catalog number 18080-051, Invitrogen) according to the manufacturer's supplied instructions. Quantitative PCR took place in the 7900HT Fast Real-time PCR system (Applied Biosystems, Carlsbad CA) using the 2ϫ Power SYBR Green mix PCR master mix (catalog number 4367660, Invitrogen), and the following primer sequences: hypoxanthine-guanine phosphoribosyltransferase sense, 5Ј-GCTGACCTGCTGGATTACATTAA-3Ј, hypoxanthine-guanine phosphoribosyltransferase antisense, 5Ј-TGATCATTACAGTAGCTCTTCAGTCT-3Ј; Ifnb1 sense, 5Ј-CACTTGAAGAGCTATTACTGGAGGG-3Ј, Ifnb1 antisense, 5Ј-CTCGGACCACCATCCAGG-3Ј; Tnf sense, 5Ј-GACCCTC-ACACTCAGATCATCTTCT-3Ј, Tnf antisense, 5Ј-CCACTTG-GTGGTTTGCTACGA-3Ј. Nox1 sense, 5Ј-AATGCCCAGGAT-CGAGGT-3Ј; Nox1 antisense, 5Ј-GATGGAAGCAAAGGGAG-TGA-3Ј, Nox2 sense, 5Ј-ACCTTACTGGCTGGGATGAA-3Ј, Nox2 antisense, 5Ј-TGCAATGGTCTTGAACTCGT-3Ј; Nox3 sense, 5Ј-TCCACATTGTGGCACTTGTT-3Ј, Nox3 antisense, 5Ј-AAAGGTGCGGACTGGATTGAG-3Ј; Nox4 sense, 5Ј-GAT-CACAGAAGGTCCCTAGCAG-3Ј, Nox4 antisense, 5Ј-GTTG-AGGGCATTCACCAAGT-3Ј; Duox1 sense, 5Ј-AGAGAAGTT-TCAACGCAGCCG-3Ј, Duox1 antisense, 5Ј-TGTAAAACACC-GCCACACAGC-3Ј; Duox2 sense, 5Ј-TGCCTGTCGAGTCTC-GTTCAT-3Ј, Duox2 antisense, 5Ј-AATGTGGCGCCGGTAG-TTT-3Ј. The total amount of mRNA was calculated using the comparative C t method and expressed as fold-induction compared with untreated cells (47) . Measurement of IFN-␤ protein by ELISA was assayed as previously described (4).
Mitochondrial Isolation and Western Blotting-Intact mitochondria were isolated from 2.0 ϫ 10 7 primary peritoneal macrophages using the Mitochondria Isolation Kit for Cultured Cells (number 89874, Pierce Biotechnology) according to the manufacturer's instructions. The mitochondria were lysed and the mitochondrial and cytosolic fractions were separated by SDS-PAGE and transferred to a nitrocellulose membrane for Western analysis. The membrane was probed with primary antibodies directed against STING (number 3337, Cell Signaling Technology) and the endoplasmic reticulum chaperone protein calreticulin (number 2981, Cell Signaling Technology). The bands were visualized using the peroxidase-AffiniPure goat anti-rabbit IgG (HϩL) secondary antibody (number 111-035-003, Jackson ImmunoResearch Laboratories) for both.
Mitochondrial Dehydrogenase Assay-A colorimetric assay to measure mitochondrial dehydrogenase activity was performed as previously described to monitor the activity of mitochondrial succinate dehydrogenase by the MTT assay (48) . Briefly, after incubation for 1 h with 1 mg/ml of MTT solution dissolved in phosphate-buffered saline (number 21-040-CV, Mediatech, Inc., Herndon, VA), the water-insoluble formazan products were dissolved with isopropyl alcohol, yielding a purple solution whose absorbance was quantified at 595 nm on a Biotek microplate reader.
Measurement of Cellular ATP and Staining for Mitochondrial Membrane and Mitochondrial Membrane Potential-
Levels of cellular ATP were quantified using the ATP-GLO TM Bioluminometric Assay kit (number 30020-1, Biotium, Inc., Hayward, Ca) according to the manufacturer's instructions. Staining for total membrane potential was accomplished using MitoTracker Green, which stains the mitochondrial membrane independently of its membrane potential. Stock MitoTracker Green was dissolved in ultrapure DMSO at a concentration of 1 mM. MitoTracker Green was further diluted in Hanks' balanced salt solution to a working concentration of 100 nM. After treatment of cells with CCCP for 2 h to dissipate the mitochondrial membrane potential, media was withdrawn and replaced with the MitoTracker Green staining solution for an additional 30-min incubation at 37°C, before being washed once with buffer and read on a microplate reader with an excitation filter of 485 nm and emission filter of 516 nm. The JC-10 dye exhibits two staining spectra. In normally respiring cells, the dye forms aggregates in the mitochondrial membrane, exhibiting orange fluorescence. When membrane potential is lost, monomeric JC10 forms in the cytosol, exhibiting green fluorescence. Stock JC-10 was prepared by dissolving JC-10 at a concentration of 5 mg/ml in ultrapure dimethyl sulfoxide. Staining of the cells was performed by diluting the stock solution to 5 mg/ml in macrophage culture medium for 10 min at 37°C. Cells were washed twice with PBS, and resuspended in fresh culture medium and read immediately on a microplate reader with an excitation filter of 485 nm and emission filter of 527 nm.
Microplate Assays for Detection of Intracellular ROS Generation-Intracellular ROS generation was determined using fluorescent and colorimetric assays. The fluorescent assay utilized the fluorescein derivative H 2 -DCFDA. Solutions of H 2 -DCFDA were made fresh immediately prior to use by dissolving H 2 -DCFDA in 10 mM dimethyl sulfoxide. This stock solution was diluted to a working concentration of 10 M in Hanks' balanced salt solution (number 21-022-CV, Mediatech, Inc., Herndon, VA) and added to 1.50 ϫ 10 5 cells cultured in a 96-black well tissue culture plate for an incubation of 30 min after the initial stimulation with NAC, DPI, rotenone, or DMXAA was completed. After the cells were washed with prewarmed Hanks' balanced salt solution, the cells were cultured in macrophage media for an additional 30 min for intracellular host esterases to activate the fluorescent dye. Fluorescence was measured on a Fluoroskan Ascent FL microplate reader (ThermoFisher Scientific) with an excitation filter of 485 nm and emission filter of 527 nm. The colorimetric assay for ROS detection is a variation of the NBT reduction assay (49) , which is used to diagnose chronic granulomatous disease in humans (50) . The NBT reagent was dissolved in macrophage media lacking phenol red immediately prior to use at a concentration of 2.0 mg/ml and dispensed into wells of a 96-well tissue culture plate containing 1.5 ϫ 10 5 cells in an equal volume macrophage media for a final NBT concentration of 1.0 mg/ml. Unlike the fluorescent assay, the macrophages were stimulated with DMXAA or phorbol 12-myristate 13-acetate (PMA) concurrently with NBT. Monolayers were monitored kinetically for water-insoluble formazan formation by reading the absorbance at 595 nm using a Biotek plate reader.
siRNA-mediated Knockdown of STING-Knockdown of STING was performed in the macrophage cell line RAW 264.7 using the Amaxa Nucleofector device (Lonza Inc., Cologne, Germany) according to the manufacturer's supplied instructions. Briefly, 2 ϫ 10 6 cells were electroporated with the Amaxa Cell Line Nucleofector Kit V (Lonza Inc., number VCA-1003) using program D-032 on the electroporator device and then plated in a 6-well dish containing fresh media. Cells were treated with either 250 pmol of a smartpool targeting STING (aka TMEM173) (Thermo Scientific, Dharmacon RNAi Technologies, catalog number L-055528-00-0005) or an siRNA duplex targeting the housekeeping gene GAPDH (Thermo Scientific, catalog number D-001830-02-05). Cells were allowed to rest for 48 h before being stimulated with DMXAA.
Statistical Analysis-Experiments were set up and performed in duplicate for RNA analysis. For microplate experiments, experiments were set up in at least triplicate. Values obtained from these experiments were analyzed for significance using either a one-way analysis of variance or a two-tailed Student's t test depending on the number of experimental groups using GraphPad Prism 4 (GraphPad Software Inc., La Jolla, CA). Significance was determined to be p Ͻ 0.05. For the one-way analysis of variance, if the data met this standard, a Tukey's post hoc test was used to test for significance between experimental groups in the data set. The resulting p values between groups are listed in the figures or figure legends for the individual experiments.
RESULTS
The Antioxidant DPI Diminishes DMXAA-mediated Signaling in Primary Macrophages-It has been shown previously that the antioxidant NAC inhibits DMXAA-mediated expression of cytokine genes such as Tnf in the macrophage cell line RAW 264.7 (43) , suggesting that ROS could be regulating signaling in this pathway. Potential sources of cellular ROS in professional phagocytic cells are NADPH oxidases. Because DPI acts by inhibiting NADPH oxidases, it was hypothesized that treatment of DMXAA-treated macrophages with DPI (51) might also diminish DMXAA-dependent signaling. In agreement with this prediction, addition of DPI inhibited DMXAA-mediated expression of both Ifnb1 (Fig. 1A) and Tnf (Fig. 1B) mRNA in a dose-dependent manner.
DPI-mediated Inhibition of DMXAA Signaling Is Independent of Nox2 and de Novo Generation of Cellular ROS-The finding that DPI inhibited cytokine up-regulation in response to DMXAA suggested the involvement of a NADPH oxidase in this pathway. To explore this possibility, we initially examined expression of various candidate macrophage NADPH oxidases by RT-PCR. As measured by qRT-PCR, primary macrophages expressed mRNA for only the professional phagocyte NADPH oxidase, Nox2 (Fig. 2A) . Therefore, to test the involvement of Nox2 in DMXAA-mediated signaling, macrophages isolated from wild-type (WT) and Nox2 Ϫ/Ϫ mice were stimulated with DMXAA. DMXAA-induced Ifnb1 mRNA was not inhibited in the Nox2 Ϫ/Ϫ macrophages compared with WT controls, and in fact, was significantly enhanced (Fig. 2B) . This data clearly indicates that Nox2 regulates signaling induced by DMXAA. DPI inhibited DMXAA-dependent IFN-␤ expression in both WT and Nox2 Ϫ/Ϫ macrophages (Fig. 2B) , further confirming that the target for DPI is independent of Nox2. Similarly, DPI also decreased DMXAA-induced TNF-␣ in Nox2 Ϫ/Ϫ macrophages (Fig. 2C) .
In addition to NADPH oxidases, DPI can also inhibit flavincontaining proteins of the mitochondrial electron transport chain (52, 53) , albeit with lesser potency (51), indicating that DMXAA might trigger ROS production from the mitochondria, independent of Nox2 involvement. PMA has been reported to stimulate the activity of host NADPH oxidases to produce ROS in a Nox2-dependent fashion (54, 55) . However, stimulation of macrophages with PMA, but not DMXAA, induced ROS production that was inhibited by DPI (Fig. 3A) . DPI (Fig. 3B ) and NAC (data not shown) both inhibited basal ROS levels in a fluorescence-based assay, similar to what was previously seen upon NAC treatment of RAW 264.7 cells (43).
The fact that Nox2
Ϫ/Ϫ macrophages actually exhibited increased basal ROS levels when compared with WT cells (Fig.  3C) suggests that the inhibitory effect of DPI on basal ROS levels is independent of Nox2 and indicates that increased basal ROS levels may explain why Nox2 Ϫ/Ϫ macrophages expressed increased Ifnb1 in response to DMXAA (Fig. 2B) .
DPI Inhibits Cyclic Dinucleotide-induced Activation of STING Signaling, but Does Not Broadly Inhibit All Innate
Signaling Pathways-One possible explanation for a lack of DMXAA-mediated signaling upon treatment with DPI is that DPI exerts a cytotoxic effect on the cell, impairing signaling pathways globally. However, addition of DPI did not alter the cellular viability during the time frame of the experiments (Fig.   FIGURE 5 . DPI has contrasting effects on IFN-␤ expression in response to LPS, dsDNA, and cyclic di-GMP. Ifnb1 expression was quantified by qRT-PCR in macrophages that were stimulated with either 100 ng/ml of lipopolysaccharide for 2 h (A), 2 g/ml of transfected dsDNA for 4 h (B), or 10 g/ml of transfected cyclic di-GMP for 6 h (C). Data represents mean Ϯ S.D. for experiments performed in duplicate. An asterisk denotes a statistically significant difference compared with LPS, poly(dA:dT), or cyclic di-GMP treated control at the indicated p value. A representative of 3 independent experiments is shown for all panels. 4). In support of this data, DPI did not inhibit signaling globally because DPI actually enhanced Ifnb1 mRNA up-regulation by the prototypical TLR4 agonist, LPS (Fig. 5A) . However, because DMXAA is thought to activate non-TLR intracellular signaling pathways (4), the effect of DPI on intracellular signaling downstream of STING was next examined. STING mediates signaling in response to both dsDNA and cyclic dinucleotides independent of TLRs (23, 24, 27, 56, 57) . In response to synthetic dsDNA transfected into the cytosol (tPoly(dA:dT)), DPI actually promoted STING-mediated up-regulation of Ifnb1 (Fig. 5B) . In contrast, DPI dose-dependently decreased the up-regulation of Ifnb1 in response to transfected cyclic di-GMP (Fig. 5C) . DMXAA Signaling Requires the Mitochondrial/ER Protein STING-Because cyclic dinucleotides bind to STING directly to stimulate signaling (58) , whereas dsDNA involves recognition by accessory PRRs upstream of STING (59 -61), we hypothesized that DMXAA-induced signaling might also be mediated by STING. To test whether STING was necessary for DMXAA-mediated signaling, STING expression was initially (A, D, and G), or compared with DMXAA treated control (B, C, E, F, H, and I) at the indicated p value. A representative of 3 independent experiments is shown for each panel. knocked down in the RAW 264.7 macrophage cell line. STING knockdown led to a decreased transcriptional up-regulation of Ifnb1 in response to DMXAA when compared with cells treated with a control siRNA duplex targeting Gapdh (Fig. 6A) . As siRNA can sometimes have off-target effects, macrophages from STING Ϫ/Ϫ mice (27) were used to corroborate this finding. Cells lacking STING demonstrated significantly less IFN-␤ secretion by macrophages stimulated by DMXAA than STING-sufficient cells (Fig. 6B) . STING can be detected by Western blot from mitochondria isolated from primary mouse macrophages (Fig. 6C) .
Mitochondrial Oxidative Phosphorylation Correlates with Optimal DMXAA-mediated Signaling-As the mitochondria is thought to be a primary source of basal ROS via incomplete oxidation of molecular oxygen in the electron transport chain, we hypothesized that DPI suppresses endogenous ROS levels by impairing mitochondrial oxidative phosphorylation. If reagents that more specifically target the mitochondria also inhibit DMXAA signaling, this would lend credence to the theory that DPI exerts its effect on signaling by impacting mitochondrial physiology. The electron transport chain involves pumping of protons to form ATP by oxidative phosphorylation, but can also lead to formation of ROS by incomplete reduction of molecular oxygen. Therefore, to address this possibility, rotenone, an inhibitor of complex I of the electron transport chain (62) , was added to macrophages prior to addition of DMXAA. The primary molecular target of each of the pharmacological agents used is listed in Table 1 . Rotenone significantly inhibited mitochondrial dehydrogenase activity as measured by the MTT assay (Fig. 7A) and also inhibited the induction of Ifnb1 (Fig. 7B) and Tnf (Fig. 7C ) mRNA in response to DMXAA. TTFA and antimycin A inhibit complexes II and III of the electron transport chain, respectively (63, 64) . Similar to rotenone, both TTFA (Fig. 7, D-F) and antimycin A (Fig. 7, G-I ) dose dependently inhibited the cellular mitochondrial dehydrogenase activity and the expression of Ifnb1 and Tnf mRNA in response to DMXAA.
DMXAA-mediated Signaling Is Independent of ATP Levels, but Requires an Intact Mitochondrial Membrane
Potential-In addition to targeting the electron transport chain, antimycin A, TTFA, and rotenone have all been shown to reduce ATP generation (65) or mitochondrial membrane potential (66, 67) within the cell. DPI treatment also leads to a decrease in cellular ATP with a dose-response relationship that is similar to its repression of DMXAA-mediated Ifnb1 mRNA induction (Fig.  8A) . A specific inhibitor of mitochondrial ATP synthase, oligomycin (68), also decreased the level of cellular ATP (Fig. 8A) . Oligomycin should not affect the pumping of protons by the individual electron transport chain complexes. In contrast to DPI treatment, ATP synthase inhibition did not alter the expression of Ifnb1 or Tnf mRNA in response to DMXAA (Fig.  8, B and C) .
Based on this data, we hypothesize that mitochondrial membrane potential, and not ATP synthesis, may be required for signaling by DMXAA. To test this hypothesis, cells were treated with the proton ionophore CCCP that acts by dissipating the membrane potential by transporting protons into the matrix of the mitochondria (69) . CCCP pretreatment of cells decreased DMXAA-induced expression of Ifnb1 and Tnf mRNA in a dosedependent manner (Fig. 9, A and B) . Total mitochondrial membrane was unchanged as measured by staining with MitoTracker Green (Fig. 9C) , whereas loss of mitochondrial membrane potential (⌬⌿ m ) increased (Fig. 9D) with a similar dose dependence as Ifnb1 mRNA expression. These data indicate that DMXAA signaling requires an intact mitochondrial membrane potential.
DISCUSSION
Because the mechanisms governing IFN-␤ induction in response to DMXAA remain largely uncharacterized, this study attempted to clarify how DMXAA mediates cytokine upregulation in primary mouse macrophages. To address this issue, much of this study involves the use of pharmacologic agents. The molecular targets of those used in this study are listed in Table 1 and diagrammed in Fig. 10A . It is important to note that any time pharmacologic agents play a prominent role in an experiment, off-target effects must be taken into account. In the RAW 264.7 macrophage cell line, it has been demonstrated that addition of the antioxidant NAC inhibited production of many cytokines such as TNF-␣, IL-6, and IL-1␤ in response to stimulation with DMXAA (43) . This indicates that ROS could potentially be modulating the signaling pathway mediated by DMXAA. Inhibition of DMXAA-induced Ifnb1 and Tnf by DPI (Fig. 1) supports this notion. Interestingly, when used at high doses, NAC can also lead to impaired mitochondrial function, including loss of mitochondrial membrane potential due to inhibition of cation transport within the organelle (70) . Although DPI is classically used as a potent NADPH oxidase inhibitor (51), at higher concentrations, DPI can likewise target the flavin-containing enzymes in the mitochondrial electron transport chain (52, 53) . As a result, DPI has been shown to inhibit both mitochondrial membrane potential (71) and ATP generation within the cell (72) . In this study, the effect of DPI on cytokine up-regulation in response to DMXAA was demonstrated to be independent of the NADPH oxidase, Nox2, suggesting that it may be exerting its affect through a mitochondrial mechanism (Fig. 3) . In support of this possibility, DMXAA-dependent signaling has been determined previously to be sensitive to the presence of salicylic acid (4) that has also been linked to inhibition of the electron transport chain at complex III (73) .
To strengthen the link between the mitochondria and innate immune signaling in response to DMXAA, macrophages were treated with inhibitors that individually target three of the electron transport chain enzyme complexes (I, II, and III). Similar to DPI and NAC, these inhibitors also diminished DMXAA-dependent cytokine up-regulation (Fig. 7) . The most likely conclusion to be drawn from these cumulative studies is that mitochondrial physiology is central for the innate immune response to DMXAA. The crucial issue to address is the mechanism for how targeting the mitochondrial electron transport chain alters the response to DMXAA. The three most likely possibilities are as follows. 1) The inhibitors cause cytotoxicity and a global decrease in innate signaling pathways; 2) de novo ATP levels influence the signaling through this pathway; or 3) mitochondrial membrane potential is required for signaling. Although prolonged DPI exposure might lead to signs of apoptosis, over the relatively short time frame of these experiments, there was no cytotoxicity associated with the treatment and no global impairment of other innate pathways like TLR4. DPI was shown to diminish the level of cellular ATP, but oligomycin does this to a similar extent without affecting cytokine levels, implying that this is an effect of DPI treatment and not a specific cause of cytokine repression. Oligomycin does not impair the proton pumping and, thus, the mitochondrial membrane potential. Therefore, the fact that the proton ionophore CCCP represses cytokine up-regulation at the same dose as it alters the mitochondrial membrane potential suggests a causal relationship. Interestingly, it has been reported that MAVS-dependent signaling was also found to be regulated by the mitochondrial membrane potential (40) in a manner very similar to the findings in this study. This effect was hypothesized to work at the level of MAVS, without directly affecting downstream signaling elements like TBK1 and IRF3 (40) .
The Ifnb1 promoter contains positive regulatory elements for transcription factors NF-B, AP-1, and IRF family members (74 -76) . Although capable of activating MAPK-and NF-Bdependent pathways (77, 78) , it was previously shown in primary mouse macrophages that DMXAA triggers potent IRF3 activation that requires TBK-1, but is independent of all known TLRs and MAVS-dependent RNA helicases (4). On the surface, this finding is reminiscent of how IFN-␤ is regulated in response to cytosolic dsDNA (23, 24) or bacterial cyclic dinucleotides (26) and the intracellular pathogens C. muridarum (31), L. monocytogenes (26) , F. tularensis (30) , B. abortus (29) , and L. pneumophila (28) . One commonality among those diverse stimuli is the involvement of the host protein STING in the expression of IFN-␤. Additionally, our finding that DPI inhibited the up-regulation of Ifnb1 in response to cyclic dinucleotides (Fig. 5C ) supports the hypothesis that STING might also be a crucial protein in the DMXAA-mediated signaling pathway. In agreement with this prediction, cells lacking STING, either due to siRNA-mediated knockdown or due to genetic ablation, were impaired for up-regulation of Ifnb1 mRNA or protein by DMXAA treatment (Fig. 6, A and B) . Overall, this study demonstrates that STING is a necessary component in the pathway that DMXAA uses to activate the downstream components IRF3 and TBK-1, and to up-regulate Ifnb1 (Fig. 10B) . Direct binding of STING by bacterial cyclic dinucleotides is necessary and sufficient for IFN-␤ expression (58) . However, dsDNA does not compete for binding with cyclic dinucleotides to STING, and different amino acids seem to be important for rescuing null mutants in response to the two different stimuli, illustrating that the two pathways are dissociable (58) . In the case of dsDNA sensing, STING seems to require accessory DNA-binding PRRs such as DAI (59), DDX41 (61) , and IFI16 (60) . Because DMXAA signaling appears to mimic cyclic dinucleotide signaling, we speculate that DMXAA activates STING-dependent pathways through direct binding. This would potentially explain why DMXAA signals in a different manner than dsDNA (Fig. 5B) , whose recognition by STING is mediated by other dsDNA sensors that, in turn, engage STING. We further theorize that mitochondrial membrane potential mediates the binding between DMXAA and STING in a redox-dependent fashion whether in the mitochondria or in the neighboring endoplasmic reticulum fractions associated with the mitochondria (Fig. 10B) . In support of this hypothesis, we were able to detect STING in mitochondria isolated from primary mouse macrophages (Fig. 6C) . The cellular localization of STING has not been completely characterized, particularly in primary cells. Although, we cannot definitively rule out that a small, undetectable amount of endoplasmic reticulum was contaminating the mitochondrial fraction and contributing to the total amount of STING protein, the evidence clearly suggests that STING resides in the mitochondria. Trafficking studies have been performed looking at STING localization in response to dsDNA (79) , but it is unclear whether these results would translate to the distinct direct binding pathways triggered by cyclic dinucleotides or, by extension, DMXAA.
Alternatively, other possibilities could explain the mitochondrial membrane dependence for maximal DMXAA signaling. For instance, proteins that gain or lose association with the mitochondria when membrane potential is lost, such as the pro-apototic Bcl-2 family members Bax and Bak (80) or apoptosis inducing factor (81), might also play a role in regulating innate signaling. Dissociation of these proteins could influence neighboring organelles like the endoplasmic reticulum in addition to the mitochondria. Additionally, it is intriguing that apoptosis inducing factor is a mitochondrial inner membrane flavoprotein with NADH oxidase activity (82) and could be a direct target of DPI. Studies are ongoing to determine these potential contributions to the innate signaling pathways activated by DMXAA.
A separate future avenue of study is how mitochondrial physiology may possibly affect how the infected cell responds to intracellular bacterial or viral pathogens. DPI has been shown to alter the activation of IRF3 during infection with respiratory syncytial virus, suggesting a potential involvement in that infection model (83) . Theoretically, a pathogen targeting the mitochondria might also be able to suppress the innate immune response generated by its presence. In conclusion, the findings from this study have demonstrated that STING mediates the signaling pathway activated by DMXAA and antioxidants impair this response independently of de novo ROS generation.
